To estimate the cost-effectiveness of genetic testing strategies to identify Lynch syndrome among newly diagnosed patients with colorectal cancer and to offer targeted testing to relatives of patients with Lynch syndrome. Methods: We calculated incremental costs per life-year saved for universal testing relative to no testing and age-targeted testing for strategies that use preliminary genetic tests (immunohistochemistry or microsatellite instability) of tumors followed by sequencing of mismatch repair genes. We also calculated incremental cost-effectiveness ratios for pairs of testing strategies. Results: Strategies to test for Lynch syndrome in newly diagnosed colorectal tumors using preliminary tests before gene sequencing have incremental cost-effectiveness ratios of Յ$45,000 per life-year saved compared with no testing and Յ$75,000 per life-year saved compared with testing restricted to patients younger than 50 years. The lowest cost testing strategies, using immunohistochemistry as a preliminary test, cost Յ$25,000 per life-year saved relative to no testing and Յ$40,000 per life-year saved relative to testing only patients younger than 50 years. Other testing strategies have incremental cost-effectiveness ratios Ն$700,000 per life-year saved relative to the lowest cost strategies. Increasing the number of relatives tested would improve cost-effectiveness. Conclusion: Laboratory-based strategies using preliminary tests seem costeffective from the US health care system perspective. Universal testing detects nearly twice as many cases of Lynch syndrome as targeting younger patients and has an incremental cost-effectiveness ratio comparable with other preventive services. This finding provides support for a recent US recommendation to offer testing for Lynch syndrome to all newly diagnosed patients with colorectal cancer. Genet Med 2010:12(2):93-104.
L ynch syndrome is a genetic predisposition to colorectal cancer (CRC) and certain other malignancies as a result of a germline mismatch repair (MMR) gene mutation. In this article, we present an economic evaluation of genetic testing protocols to identify Lynch syndrome among newly diagnosed cases of CRC in order to identify and test blood relatives for the presence of Lynch syndrome. The benefit of identifying an asymptomatic individual with Lynch syndrome is that it allows for early and intensive surveillance to detect colon polyps, which can prevent malignancies and reduce the risk of premature death.
The Evaluation of Genomic Applications in Practice and Prevention (EGAPP) Working Group (EWG) commissioned evidence reviews 1,2 of testing strategies for Lynch syndrome and in January 2009 published a recommendation to offer laboratory testing to all newly diagnosed patients with CRC, regardless of age or family history. 3 The primary research question was whether the EWG recommendation of universal testing to identify mutations for which close relatives could be screened was economically justified from a national health care system perspective. The secondary research question was which laboratory testing strategies to identify mutations associated with Lynch syndrome could be regarded as providing reasonable value for money. This article extends a preliminary analysis of the expected costs of four testing strategies, and the numbers of new CRC cases identified with Lynch syndrome 2 to include the costs and lives saved from screening asymptomatic first-degree relatives of newly diagnosed Lynch syndrome patients followed by colonoscopic surveillance. Because of uncertainty about the availability, feasibility, and accuracy of the laboratory tests, our goal was to inform health care providers, laboratory directors, and policy makers about the costs and outcomes associated with each testing strategy.
Although a number of groups recommend targeted offering of testing for Lynch syndrome based on either a diagnosis age Ͻ50 years or having a family history that meets the Amsterdam or Bethesda criteria, 4 -6 the EWG argued that the collection and interpretation of family history information for this purpose is not of sufficient reliability to be used in routine clinical practice. 2, 3 Although most European countries, with the exception of Denmark, recommend the use of Bethesda family history criteria to guide genetic testing for Lynch syndrome, the quality of family history data collection is regarded as variable to poor. 7 To more fully evaluate the cost-effectiveness of testing for Lynch syndrome, we consider both universal testing, i.e., offer to test all newly diagnosed patients with CRC for Lynch syndrome and testing only those diagnosed while Ͻ50 years of age (age-targeted testing).
METHODS

Overview
We developed a decision model to estimate the cost-effectiveness of a population-based testing program for Lynch syndrome from the US health care system perspective, using estimates of direct costs of screening, diagnosis, and health care associated with CRC. The model estimates total costs for the US health care system as a whole rather than expenditures incurred by specific payers. The primary audience for our study consists of public and private health decision makers. Laboratory directors are a secondary audience because health care payers and physicians do not necessarily decide which specific laboratory tests will be used.
The proposed program has three components: (1) detecting probands with Lynch syndrome through laboratory testing of tissue from newly diagnosed patients with CRC, (2) offering testing for Lynch syndrome to first-degree relatives of probands using the identified family mutation, and (3) colonoscopic surveillance for relatives with Lynch syndrome. Regardless of the testing strategy used to identify probands, we assumed the same approach would be used to screen relatives and promote surveillance among those identified with Lynch syndrome.
Our model for universal testing begins with a hypothetical cohort of 150,000 newly diagnosed individuals with CRC, all of whom would be provided counseling about the potential implications of test results for themselves and family members. 2 The cohort size is representative of the number of new CRC cases in the United States in 2008. 8 Assuming a two thirds uptake of testing after counseling, 2 100,000 patients with newly diagnosed CRC would be tested for Lynch syndrome by a program of universal voluntary testing. Our model of age-targeted testing assumes that newly diagnosed patients with CRC younger than 50 years comprise 9.2% of newly diagnosed patients with CRC, 9 and testing them would detect 44% of Lynch syndrome cases. 10 We modeled four Lynch syndrome testing strategies relative to both no testing and targeted offer of testing to newly diagnosed patients with CRC younger than 50 years (Fig. 1) . The first two strategies begin with offering immunohistochemistry (IHC) testing to all newly diagnosed patients with CRC using antibodies to the MMR proteins produced by four MMR genes associated with Lynch syndrome (MSH2, MLH1, MSH6, and PMS2). An absent stain for a protein indicates a likely mutation in the associated gene. In Strategy 1, individuals with absent MLH1 protein staining are tested for the BRAF V600E mutation. If the test is positive, the individual is classified as not having Lynch syndrome. Among those with absent MSH2, MSH6, or PMS2 protein staining and those with the absence of MLH1 staining and without the BRAF mutation, sequencing/ rearrangement testing of the MMR gene associated with the absent protein is conducted. Strategy 2 is similar, except without testing for the BRAF mutation.
Strategy 3 uses microsatellite instability (MSI) testing as the preliminary test. MSI testing differs from IHC because it does not predict which MMR gene is not functioning. Among those with a high MSI result, sequencing/deletion testing is performed. Strategy 4 entails offering sequencing/rearrangement testing for all four MMR genes to all patients. Henceforth, we use the term sequencing to refer to sequencing/rearrangement testing. In addition, we modeled two other strategies: IHC testing among those with MSI-positive results and BRAF mutation testing for those with IHC absent staining for MLH1 before sequencing, and direct sequencing all patients for only two MMR genes (MSH2 and MLH1) rather than all four. The results for these additional analyses are not presented here and are available from the authors upon request.
For each proband with Lynch syndrome (i.e., patient with an identified MMR gene mutation), we assumed that a specified number of adult first-degree relatives (parents, siblings, or children each of whom share roughly half the genes of the proband) would be identified, located, contacted, and offered genetic counseling relevant to Lynch syndrome. After counseling, relatives would be offered genetic testing for the known "family" mutation found in the proband. Adult relatives who agreed to genetic testing and were found to have Lynch syndrome (i.e., who carry the MMR gene mutation) would receive a recommendation for increased CRC surveillance using colonoscopy every 1-2 years starting at ages 20 -25 years; we assumed 79% uptake. We incorporated into our model the estimated risks of Fig. 1 . Comparison of four Lynch syndrome testing strategies for newly diagnosed patients with colorectal cancer. perforation, bleeding, or death from colonoscopy and the risk of developing CRC and the risk of death from CRC derived from the EGAPP supplementary review. 2 For this analysis, we assumed that a person could develop CRC not more than twice in their lifetime. Relatives found to not have Lynch syndrome were assumed to have the population risk of developing CRC and to be offered standard care (CRC screening every 10 years by colonoscopy beginning at 50 years of age).
In the baseline scenario, we assumed that an average of four first-degree adult relatives per proband would be contacted and that one half of these would agree to be counseled and tested, with two relatives tested per proband. This is a conservative assumption. In studies undertaken at the Ohio State University, an average of between five and six relatives have been tested per proband identified with Lynch syndrome. 11, 12 Biological firstdegree relatives have a 50% chance of inheriting the family mutation. We used a 45% probability as a conservative estimate to account for the fact that some relatives tested might not be first-degree biological relatives. In the second model scenario, we assumed that testing of family members would expand beyond the first-degree relatives to include the relatives of the relatives found to have Lynch syndrome, also known as cascade screening. We assumed that cascade screening would result in a total of 12 relatives on average located per proband or approximately six relatives counseled and tested. More widespread testing could result in the inclusion of relatives with less immediate biological relationships (e.g., second-degree relatives with a 25% probability of inheriting the family mutation). Consequently, we conservatively assumed that 35% of relatives tested under this scenario would have inherited the family mutation. The two Ohio State University studies together reported that 42% of a mixture of first-and second-degree relatives who were tested carried a MMR mutation. 11, 12 Measuring effectiveness, costs, and cost-effectiveness
The primary measure of effectiveness used in this study was discounted life-years (LYs) saved. This is the outcome measure that has been used in most published cost-effectiveness analyses of screening for CRC in general [13] [14] [15] [16] and Lynch syndrome in particular. [17] [18] [19] [20] [21] The number of LYs lost to CRC is calculated as the sum of the products of the number of deaths occurring within each 10-year age interval and the number of discounted LYs for each interval derived from US life table for the median age in the interval and calculated using a 3% discount rate. The number of deaths occurring within each interval is the product of the probabilities of developing CRC within a given 10-year age interval, the probability distribution of stages at diagnosis, and one minus the relative survival probabilities by stage at diagnosis.
We also calculated outcomes in terms of quality-adjusted LYs (QALYs), as is generally recommended for cost-effectiveness analyses, 22 although for many life-saving interventions it makes little difference which measure is used. 23, 24 We adjusted future LYs by age-specific utility or quality of life weights on a scale from 0 to 1 for the US population calculated using the EQ-5D instrument. 25 We assumed that the utility of survivors of nonmetastatic CRC is reduced by 0.1 for 2 years. 26, 27 Testing for MMR gene mutations among relatives does not seem to negatively impact quality of life. 28 Cost-effectiveness ratios using QALYs are reported as a sensitivity analysis.
Based on the recommendation of the US Multi-Society Task Force on Colorectal Cancer, 29 we assumed that the relatives of the probands who were found to have Lynch syndrome would undergo colonoscopy every 2 years (beginning as early as age 20 years) until 79 years of age. Colonoscopies carry a risk of complications and death, and our estimates of LYs gained were adjusted for this risk.
Following the national health care system perspective, we estimated the costs of detecting cases of Lynch syndrome, surveillance, and treatment for patients who develop cancer. The costs associated with detecting Lynch syndrome among newly diagnosed patients with CRC include the costs associated with offering testing, the costs of performing the genetic testing (both preliminary and/or sequencing), and the costs of genetic counseling both before sequencing and following the reporting of MMR gene test results. The costs of testing for Lynch syndrome among relatives include the costs of locating relatives and offering testing, the costs of genetic counseling before and after testing, and the costs of testing for the family mutation. The costs of surveillance for CRC among relatives with Lynch syndrome and the costs of treating complications associated with colonoscopies were also included. Finally, we included the treatment costs for CRC among relatives who developed CRC during their lifetime. All costs and benefits were discounted at 3%, the standard practice in US cost-effectiveness analyses based on the societal or health care system perspectives. 22 We ranked strategies in terms of net costs and effectiveness (LY saved). We calculated incremental cost-effectiveness ratios (ICERs) of net costs divided by LYs in two ways. First, we calculated the ICER for each strategy relative to the next most effective strategy, as is usual in cost-effectiveness analyses after excluding strategies that are both less effective and cost more than other strategy. 30 However, not all laboratories consider all testing strategies feasible. The other approach is to exclude strategies that may not be considered universally feasible. In particular, IHC testing for MMR may only be reliable when performed in specialized laboratories which participate in expert accreditation programs. 7, 31 Therefore, in situations where reliable IHC testing is not feasible, the ICER for Strategy 3 is calculated relative to no testing. Similarly, if the test for BRAF mutations is not available, the ICER for Strategy 2 is calculated compared with no testing.
To investigate the sensitivity of our results to our model inputs, we conducted one-way sensitivity analyses using the ranges of the parameters outlined in Table A1 in the Appendix, with the results for one strategy presented using a "tornado" diagram.
Model inputs
The model inputs for the baseline scenario, the majority of which are based on a Supplementary Evidence Review performed as part of the EGAPP pilot program, 2 are presented in Table A1 in the Appendix. These include the clinical validity (sensitivity and specificity) of laboratory tests for Lynch syndrome and the proportion of Lynch syndrome attributable to each of the four MMR genes. We assumed 99.5% sensitivity and 99.96% specificity of sequencing tests. The two preliminary tests, IHC and MSI, are reported to have sensitivities of 83% and 89%, respectively, and specificities of 88.8% and 90.2%, respectively. MSI is not only more accurate than IHC but also more costly. BRAF V600E mutation testing for those with absence of MLH1 on IHC has 69% sensitivity and 99% specificity. Also included are estimates of the number of family members at risk, the number of relatives with Lynch syndrome who are expected to comply with colonoscopic surveillance every 2 years beginning at time of diagnosis (79%), the risk of adverse events related to colonoscopy, and the benefits of surveillance. We assumed that most (75%) mutation-positive relatives who did not comply with colonoscopic surveillance would undergo routine colonoscopies every 10 years beginning at age 50 years.
The age distribution of relatives with Lynch syndrome was based on expert opinion (S. Ramsey, personal communication). For the analysis considering age-targeted testing, we adjusted the age distributions of relatives to account for the fact that relatives of those Ͻ50 years would be younger than in the baseline case. To do this, we shifted the age distribution by 5 years to the left.
The distribution of CRC stages at diagnosis and the 5-year relative survival rates by stage for the general population with CRC was obtained from Surveillance, Epidemiology and End Results (SEER) data. 32 It is well established that patients with MSI-positive tumors, which includes almost all CRC cases in Lynch syndrome, have markedly better survival in localized cancer than do those with MSI-negative tumors. 33 On the basis of those findings, we adjusted the survival probabilities for mutation carriers diagnosed with Stages 1 and 2 CRC to 96% and 82%, respectively. In addition, surveillance colonoscopy every 2 years should be associated with earlier detection of CRC at a more localized stage and therefore a more than proportionate reduction in mortality; a recent study reported an approximately 60% lower incidence of CRC and an approximately 80% lower rate of death from cancer among mutation carriers who underwent surveillance colonoscopy. 34 Consequently, we adjusted the distribution of stages among patients with Lynch syndrome who undergo biennial surveillance colonoscopy, such that 77% were assumed to be diagnosed with Stage 1 localized CRC, when compared with 40% in the SEER data. Information on the costs of Lynch syndrome testing is difficult to obtain. For this reason, we decided to estimate each model under two different laboratory test cost scenarios (Appendix Table A2 ). For the baseline scenario, the economic inputs were taken mainly from the EGAPP Supplementary Evidence Review. 2 These reflect 2007 Medicare reimbursement rates for genetic counseling before and after testing at the Ohio State University Comprehensive Cancer Center Clinical Cancer Genetics Program and for laboratory testing for IHC, MSI, and the four MMR genes at Mayo Medical Laboratories and Myriad Genetic Laboratories, Inc. (P. Duda and A. Smith, personal communications, respectively). For our second scenario, we obtained list prices for laboratory tests from three large, commercial laboratories (City of Hope, Mayo Medical Laboratories, and Myriad Genetic Laboratories Inc.) and calculated the median prices. These prices, which do not incorporate discounts, likely constitute an upper bound estimate of costs, thereby making testing for Lynch syndrome seem less favorable in terms of cost-effectiveness.
The costs of having a discussion with all newly diagnosed patients with CRC to offer MSI or IHC testing reflect expert opinion. The costs of locating and approaching a relative of a proband with Lynch syndrome, the costs of colonoscopy and treating possible complications resulting from colonoscopy, and the costs of treating CRC at different stages were obtained from the published literature. 16 -18 All costs are expressed in 2007 US dollars.
RESULTS
Outcomes and costs for each testing strategy under the baseline scenario are shown in Table 1 , first for universal testing and second for age-targeted testing of patients younger than 50 years. Universal offer of testing is assumed to result in 100,000 patients tested, and the number of relatives with mutations detected is projected to range from 2197 under Strategy 1 to 2654 under Strategy 4. The expected number of discounted LYs saved per mutation carrier detected is slightly Ͼ1.0, so that LY saved range from 2346 in Strategy 1 to 2833 in Strategy 4. Strategy 4, in which all newly diagnosed individuals with CRC were offered sequencing for MMR genes, resulted in the greatest total cost, $440 million. Strategy 1 was the least expensive at $83 million. With age-targeted testing, we assumed that 9200 patients were tested resulting in 1086 to 1307 cases of Lynch syndrome detected among probands and 966 to 1162 cases detected among relatives. As expected, total program costs were lower with age-targeted testing, being 72% to 82% lower than under universal testing.
Each of the three testing strategies using a preliminary testing strategy is compared for universal testing relative to no testing for Lynch syndrome, age-targeted testing relative to no testing, and universal testing relative to age-targeted testing (Table 2 ). For universal relative to age-targeted testing, the ICERs range from $41,511 per LY saved for Strategy 3 (MSI testing followed by sequencing) to $22,552 per LY saved for Strategy 1 (IHC testing, followed by selective BRAF V600E mutation testing, and then sequencing). Age-targeted testing of newly diagnosed patients with CRC younger than 50 years is substantially less expensive than universal testing, $7832 per LY saved for Strategy 1 compared with no testing, one third as high as under universal testing. The cost-effectiveness ratios are equivalently lower for other testing strategies. The last column in Table 2 reports that the ICERs for universal versus age-targeted testing are $37,010 per LY saved under Strategy 1, $38,411 per LY saved under Strategy 2, assuming BRAF testing is not available, and $70,792 per LY saved under Strategy 3, assuming IHC testing is not available. Table 2 also shows ICER calculations based on the assumption that all laboratory testing strategies are feasible. Because the strategies are similar in terms of numbers of mutation carriers detected, the ICERs for each strategy compared with the next least effective and expensive strategy are very high. The . The ICER for Strategy 3 is slightly higher than for Strategy 4 under the baseline cost scenario. In decision analytic jargon, Strategy 3 is subject to "extended dominance" by a combination of Strategies 1 and 4 and should be excluded. We consider it unlikely that a laboratory might use one strategy for some specimens and a different strategy for others and therefore did not exclude Strategy 3. Figure 2 shows, in descending importance, the relative influence of variables in a one-way sensitivity analysis of Strategy 1 under the baseline scenario. The most influential variables are the risk of CRC among relatives, the number of relatives per proband, increased surveillance for CRC among relatives found to have the family mutation, and the proportion of relatives accepting counseling and testing for the family mutation. Similar sensitivity analyses were conducted for each strategy and scenario, and the results are available on request. For each strategy, cost-effectiveness rises (the cost-effectiveness ratio gets smaller) as the risk of CRC among relatives, the number of relatives per proband, the number of relatives agreeing to genetic testing and to increased surveillance if found to be a carrier, and the proportion of new patients with CRC with Lynch syndrome increase. Conversely, cost-effectiveness decreases as the costs of the preliminary tests (MSI and IHC) and gene sequencing or the false-positive rates of the testing strategies increase. Table 3 reports ICERs relative to the next most effective strategy and relative to no testing under different scenarios. Substituting the median list prices for the costs of laboratory tests, the ICER for Strategy 1 for universal testing relative to no testing is increased relative to the baseline by one third, from $22,552 to $30,331 per LY saved. Because of the relatively higher cost for BRAF mutation testing, the ICER for Strategy 2 relative to Strategy 1 is reduced from $273,915 to $170,300 per LY saved. For universal versus age-targteted testing, the ICER for Strategy 1 is almost $51,000 per LY saved and that for Strategy 2 is about $280,000 per LY saved. The ICERs for Strategies 3 and 4 are $786,030 and $1,082,378 per LY saved, respectively, under the alternate cost scenario for universal versus no testing.
Sensitivity and scenario analyses
If identification of relatives were to result in an average of 12 rather than four relatives identified per proband, approximately half of whom would be tested, the ICERs for the first three strategies would all be Ͻ$25,000 per LY saved for universal testing relative to no testing.
Fig. 2.
One-way sensitivity analysis for strategy using IHC and BRAF mutation testing and then sequencing (Strategy 1).
The number of QALYs gained through each strategy is 15% smaller than the number of LYs saved. This reflects the fact that most people are not in perfect health, and chronic health problems increase in frequency with age. Therefore, the average utility weight, with 1.0 representing perfect health and 0.0 representing death, is reported to decrease from 0.92 for Americans in their twenties to 0.74 for people in their eighties. 25 Each LY lived is associated with less than one QALY, and the aggregate number of QALYs gained by prevention of death is 15% less than the number of LYs. Accordingly, the ICERs calculated using QALYs are 18% larger than those calculated using LYs. Thus, for example, the ICER for Strategy 1 in comparison with no testing is $22,571 per LY saved and $26,632 per QALY saved.
DISCUSSION
This study provides the first comprehensive cost-effectiveness analysis of multiple strategies to test for Lynch syndrome among all newly diagnosed patients with CRC in the United States as recommended by the EWG. Previous cost-effectiveness studies considered MSI testing as a preliminary test or modeled the use of the Bethesda or Amsterdam criteria in which testing is targeted on the basis of age and family history. [17] [18] [19] [20] [21] We do not use Lynch syndrome-specific family history risk criteria because of the difficulty and high cost in accurately collecting and interpreting family history data for this purpose. 2, 3, 35 Ours is the first study to model the use of IHC testing and the inclusion of BRAF V600E mutation testing for Lynch syndrome. 2, 36 Finally, our analysis differs from a previous US cost-effectiveness analysis that assumed that probands and relatives with Lynch syndrome would undergo prophylactic subtotal colectomy surgery, which is not common practice. 18 The ICERs for universal genetic testing strategies for Lynch syndrome using a preliminary test (IHC or MSI) ranged from $12,332 to $49,272 per LY saved in comparison with no testing and from $18,778 to $85,391 per LY saved in comparison with age-targeted testing under the various cost and family testing scenarios. For the baseline assumptions on numbers of relatives tested and laboratory costs, the range of ICERs are a bit narrower, from $22,522 to $49,272 per LY saved for universal testing in comparison with no testing and from $37,010 to $70,792 per LY saved in comparison with age-targeted testing. ICERs for clinical preventive services range from negative to more than $200,000 per QALY. 37, 38 Screening of adults older than 50 years for CRC through colonoscopy every 10 years is reported to have an ICER of $25,000 per LY saved or less. 13 Many analysts use a critical value of $50,000 or $100,000 per LY or QALY as a criterion of cost-effectiveness, although this practice has been questioned. 39 -41 It seems that universal testing for Lynch syndrome is well within the range of acceptable ICERs for preventive services in the United States, although probably not as low as for routine screening for CRC.
Testing strategies using IHC have the most favorable costeffectiveness ratios, about 40% smaller than with Strategy 3 using MSI testing as a preliminary test. In particular, Strategies 1 and 2 are considerably more likely to be regarded as costeffective using a critical value of $50,000 per LY saved than would MSI testing in the absence of IHC testing. The strategy of offering IHC testing to all newly diagnosed patients with CRC is currently recommended in Denmark 7 ; this is the first cost-effectiveness analysis to evaluate such a universal testing strategy. Findings may differ for countries with different testing and health care costs and different family sizes. Also, the interpretation of cost-effectiveness ratios may vary across national health care systems.
The most cost-effective strategy for laboratories with the relevant expertise is the one including IHC testing, BRAF V600E mutation testing, and then targeted MMR gene sequencing. It is impossible to economically justify the application of more sensitive and costly testing strategies to all patients with CRC if a less expensive universal testing strategy is feasible. The ICERs for universal testing strategies using either preliminary MSI testing or direct MMR gene sequencing relative to the next least expensive strategy (2 or 3) exceed $750,000 per LY saved, regardless of whether the comparison is to no testing or age-targeted testing. That is, if IHC testing is feasible and reliable, it is clearly not cost-effective to use MSI testing.
Our baseline estimates, which assumed that two relatives on average would be tested for each proband with Lynch syndrome, seem conservative relative to the experience of the Ohio State University research study. 9, 10 Our cascade screening scenario, which assumed 12 relatives identified per proband and between five and six actually tested, yields cost-effectiveness 42 Our analysis has several limitations. First, we did not model the cost-effectiveness of universal testing relative to the use of Amsterdam or Bethesda family history-based criteria for targeted testing for Lynch syndrome. Our analysis follows the EWG 2,3 in considering there to be insufficient data on the application of such criteria in routine clinical practice to model it as an alternative population-based testing strategy. Other experts might disagree. Also, we did not consider age cutoffs other than 50 years. A recent study proposed that all newly diagnosed patients with CRC younger than 60 years be tested. 43 Second, our model did not adjust for relatives of probands who already know their Lynch syndrome status or already had CRC. Nationally, it is unlikely that many people already know their carrier status because there is no national screening program. In communities where programs to screen for Lynch syndrome have been in existence for some time, the situation may differ. As more people are tested for Lynch syndrome, the efficiency of testing newly diagnosed patients with CRC may decrease over time.
Third, our methodology underestimated the potential benefits if younger family members are eventually tested. The model assumes that only those who are currently aged 20 years and older are offered testing. However, adolescents who were too young to be included may be likely to be tested and start increased surveillance once they become eligible.
Fourth, we do not incorporate assumptions about ongoing compliance rates among relatives undergoing increased surveillance for CRC. If relatives who agreed to increased surveillance do not continue, the effectiveness of identification would be overstated. Studies have found that the compliance rate for increased surveillance after genetic testing for Lynch syndrome is very high, 44 -46 with the most recent study from Finland reporting 97% compliance after 10 years. 37 Fifth, we did not model the costs or benefits of surveillance for other forms of cancer. In particular, women with Lynch syndrome are at elevated risk of gynecologic cancers. Surveillance strategies are of uncertain effectiveness, although prophylactic surgery to prevent ovarian and endometrial cancer is feasible. One analysis calculated that cost-effectiveness ratios for such strategies were approximately $200,000 per QALY gained, 47 even when the costs of identifying those with Lynch syndrome are not included.
Sixth, it is important to appreciate the heterogeneity in estimates of CRC penetrance associated with MMR mutations. We assumed a cumulative CRC incidence to age 70 years among mutation carriers of 40% averaged among males and females, 2 but there is a wide range of uncertainty. The true cumulative incidence could be as high as 53% 48 or as low as 25%. 49 If the lower estimate were assumed to be correct, the estimates of cost-effectiveness would need to be adjusted accordingly.
Seventh, there is a lack of conclusive data about the effects of MMR mutations and surveillance on staging and stagespecific survival among people who develop CRC. For example, one study reported that CRC survival was not significantly different among mutation carriers and noncarriers, although the 5-year death rate among those with localized disease was 5% among carriers and 13% among noncarriers. 50 Based on similar differences in survival in localized disease among those with MSI and non-MSI tumors 33 and studies among members of Lynch syndrome families, we believe that LS mutation carriers who develop localized CRC, the large majority of whom are MSI positive, 51 most likely do have a survival advantage relative to noncarriers. This assumption reduces the number of deaths and LY lost to CRC among people with Lynch syndrome and proportionately reduces the projected benefits of testing strategies. Our first model, which applied the SEER estimates to mutation carriers, resulted in larger estimates of LYs saved by Lynch syndrome testing, and more favorable cost-effectiveness ratios than those that are reported here. Therefore, the revised model presented here should be regarded as a conservative projection of the potential lifesaving benefits of early detection of Lynch syndrome.
We did not model the budgetary impacts of testing for individual health care providers or payers in the fragmented US health care system. The costs of testing of new colorectal tumors for indications of Lynch syndrome would presumably be borne by probands' payers, oncology practices as part of bundled care, or both, whereas the health benefits and averted costs of care would accrue to relatives' payers. Therefore, the net budgetary impact on those paying to test newly diagnosed patients with CRC would most likely be negative. For health plans, this should balance out in the long run as they benefit from reduced costs of care for enrollees who are relatives of probands enrolled in other health plans. Consequently, the expected cost-effectiveness to an individual plan should be the same as that estimated here if all plans were to adopt the EWG recommendation.
Research is needed to assess the cost-effectiveness of testing for Lynch syndrome on an ongoing basis. It is important to track how many patients and relatives are aware of their mutation status when offered testing and how this changes over time, because greater awareness through previous testing can lessen the yield from testing. Strategies for the early detection of other forms of cancer associated with MMR gene mutations should also be considered, which has the potential to improve the projected cost-effectiveness of early detection of Lynch syndrome among relatives. Also, our assumption that face-to-face counseling would be offered before IHC testing is not necessarily valid, and use of written information materials would reduce costs and improve cost-effectiveness ratios.
CONCLUSION
We conclude that a program to offer testing for Lynch syndrome to all newly diagnosed patients with CRC is likely to be cost-effective from the perspective of the US health care system relative to other, common clinical preventive services. Using preliminary tests such as IHC or MSI results in costeffectiveness ratios below $75,000 per LY saved compared with age-targeted testing. The most cost-effective strategy involves IHC testing first, followed by testing for the BRAF mutation among those with absent MLH1 staining, and subsequent targeted MMR gene sequencing and deletion analysis among those with absent staining for other proteins and those without the BRAF mutation, with a cost-effectiveness ratio of less than $40,000 per LY saved compared with age-targeted testing. Gene sequencing of all newly diagnosed patients with CRC for four MMR genes is not currently economically justifiable. 
APPENDIX
